To explore the photocatalytic performances and optoelectronic properties of pure and doped bismuth oxyhalides D-doped BiOX (D = Ag, Pd; X = F, Cl, Br, I) compounds, their atomic properties, electronic structures, and optical properties were systematically investigated using first-principles calculations. In previous experiments, the BiOX (X = Cl, Br) based system has been observed with enhanced visible light photocatalytic activity driven by the Ag dopant. Our calculations also show that the potential photocatalytic performance of Ag-doped BiOCl or BiOBr systems is enhanced greatly under visible light, compared with other Pd-doped BiOX (X = Cl, Br) compounds. Furthermore, it is intriguing to find that the Pd-doped BiOF compound has strong absorption over the infrared and visible light spectrum, which may offer an effective strategy for a promising full spectrum catalyst. Indicated by various Mulliken charge distributions and different impurity states in the gap when Ag or Pd was doped in the BiOX compounds, we notice that all D-doped BiOXs exhibit a p-type semiconductor, and all impurity levels originated from the D-4d state. The charge transfer, optoelectronic properties, and absorption coefficients for photocatalytic activities among D-doped BiOX photocatalysts caused by the electronegativity difference of halide elements and metal atoms will finally affect the photocatalytic activity of doped BiOX systems. Therefore, it is significant to understand the inside physical mechanism of the enhanced Ag/Pd-doped BiOX photocatalysts through density functional theory.
(DFT) calculations. From the variation of the charge distribution and optical spectrum before and after doping Ag/Pd in the BiOX system, the mechanisms of their enhanced photocatalyst performances were interpreted.
Theoretical Method

Computational Models
The BiOX (X = F, Cl, Br, and I) compounds posess a tetragonal structure with the space group of P4/nmm (NO. 129) [37, 38] . The primitive cell contains 6 atoms and the lattice parameters are given as follows: a = b = 3.756 Å, c = 6.234 Å for BiOF [37] ; a = b = 3.890 Å, c = 7.370 Å for BiOCl [37, 38] ; a = b = 3.920 Å, c = 8.110 Å for BiOBr [37, 38] , a = b = 4.090 Å, c = 7.210 Å for BiOI [37, 38] , and the angles are α = β = 90 • . In the present work, a 3 × 3 × 2 supercell model and transitional metal doped models were constructed as shown in Figure 1 . One Bi atom was displaced by a metal atom as substitutional doping, shown as Figure 1b . In the supercell, the number of atoms is 108, and the metal doping concentration is 0.926% (atom fraction). The 3 × 3 × 2 supercell was adopted to avoid impurity and self-interaction. The structure surrounding impurity atom D is illustrated as Figure 1c spectrum before and after doping Ag/Pd in the BiOX system, the mechanisms of their enhanced photocatalyst performances were interpreted.
Theoretical Method
Computational Models
The BiOX (X = F, Cl, Br, and I) compounds posess a tetragonal structure with the space group of P4/nmm (NO. 129) [37, 38] . The primitive cell contains 6 atoms and the lattice parameters are given as follows: a = b = 3.756 Å, c = 6.234 Å for BiOF [37] ; a = b = 3.890 Å, c = 7.370 Å for BiOCl [37, 38] ; a = b = 3.920 Å, c = 8.110 Å for BiOBr [37, 38] , a = b = 4.090Å, c = 7.210 Å for BiOI [37, 38] , and the angles are α = β = 90°. In the present work, a 3 × 3 × 2 supercell model and transitional metal doped models were constructed as shown in Figure 1 . One Bi atom was displaced by a metal atom as substitutional doping, shown as Figure 1b . In the supercell, the number of atoms is 108, and the metal doping concentration is 0.926% (atom fraction). The 3 × 3 × 2 supercell was adopted to avoid impurity and self-interaction. The structure surrounding impurity atom D is illustrated as Figure 1c . The bond length di (i = 1, 2, 3, and 4) and angle αj (j = 1 and 2) of the D-related location were calculated. 
Computational Methods
In this work, all calculations were conducted via the well-tested Cambridge Serial Total Energy Package (CASTEP, http://www.castep.org/) codes based on density functional theory (DFT) [39] . The exchange-correlation potential was described with the generalized gradient approximation (GGA) in the scheme of Perdew-Burke-Ernzerh for solids (PBEsol) [40] . The Kohn-Sham wave functions of valence electrons (Bi6s 2 6p 3 , O2s 2 2p 4 , F2s 2 2p 5 , Cl3s 2 3p 5 , Br4s 2 4p 5 , I5s 2 5p 5 , Ag4d 10 5s 1 , Pd4d 10 ) were expanded in a plane-wave within the cutoff energy of 430 eV. The Brillouin Zone was sampled with a 2 × 2 × 1 k-point grid for a supercell using the Monkhorst Pack scheme [41] . More k points 3 × 3 × 2 were tested and the results changed very little. The spin was considered as the input file and the 
In this work, all calculations were conducted via the well-tested Cambridge Serial Total Energy Package (CASTEP, http://www.castep.org/) codes based on density functional theory (DFT) [39] . The exchange-correlation potential was described with the generalized gradient approximation (GGA) in the scheme of Perdew-Burke-Ernzerh for solids (PBEsol) [40] . The Kohn-Sham wave functions of valence electrons (Bi6s 2 6p 3 , O2s 2 2p 4 , F2s 2 2p 5 , Cl3s 2 3p 5 , Br4s 2 4p 5 , I5s 2 5p 5 , Ag4d 10 5s 1 , Pd4d 10 ) were expanded in a plane-wave within the cutoff energy of 430 eV. The Brillouin Zone was sampled with a 2 × 2 × 1 k-point grid for a supercell using the Monkhorst Pack scheme [41] . More k points 3 × 3 × 2 were tested and the results changed very little. The spin was considered as the input file and the dipole moment was equal to zero, which is verified by taking the Ag-doped BiOBr model as an example, as shown in Figure S1 of the Supplementary Information (SI). A 60 × 60 × 90 mesh was used for the Fast Fourier Transformation (FFT). The Broyden−Fletcher−Goldfarb−Shanno (BFGS) scheme was chosen as the minimization algorithm [42] . Its convergence standards were set as the follows: the force on the atoms was less than 0.05 eV/Å; the stress on the atoms was less than 0.1 Gpa; the maximum atomic displacement was less than 0.002 Å, and the energy change per atom was less than 2 × 10 −5 eV. On the basis of optimized crystalline structures, electronic structures and optical properties were computed. From the band structure to the density of states, Gaussian broadening is applied to the eigenvalues, and smearing width is set as 0.1 eV. Meanwhile, the self-consistent field (SCF) tolerance was 1 × 10 −6 eV. In addition, the high symmetry points for band structure calculation are Γ(0.00, 0.00, 0.00) → F(0.00, 0.50, 0.00) → Q(0.00, 0.50, 0.50) → Z(0.00, 0.00, 0.50) in k-space.
The Formula of Absorption Coefficients
The optical properties were calculated based on the crystalline and electronic structure by the first principle, which was obtained from the frequency-dependent complex dielectric function ε(ω) = ε 1 (ω) + iε 2 (ω) following a methodology described in the literature [43] . The real part ε 1 (ω) is obtained using the Kramers-Kronig relation, and it is defined as the electronic contribution to the dielectric constant, whereas the imaginary part ε 2 (ω) was calculated by the sum of all possible transitions from occupied to unoccupied states in the Brillouin zone weighted with the matrix elements describing the probability of transition. To determine the fraction of the light absorbed in these materials, the absorption coefficients α(ω) (in cm −1 ) were calculated for each compound as the function of the wavelength of incident light using the following equations:
where λ and ω are the wavelength and frequency of the incident light, respectively, and k(ω) represents the extinction coefficient. The relationship between energy in eV and wavelength in nm is:
Results and Discussion
Structural Optimization
The structure of the pure and Ag and Pd doped BiOX models were optimized respectively under the same conditions in order to reduce system error. Lattice constants of the pure unit cells of the BiOX (X = F, Cl, Br, and I) compounds were stabilized as a = b = 3.732, c = 6.158 for BiOF, a = b = 3.875, c = 7.367 for BiOCl, a = b = 3.900, c = 8.304 for BiOBr, a = b = 3.972, c = 9.318 for BiOI (in Å), in agreement with the experimental data [37] .
The variation of lattice parameters of the Ag and Pd doped BiOX models after optimization (parameter difference before and after optimization), such as average variation of bond length ∆d, bond angle ∆α, and lattice constant ∆a are listed in Table 1, and details in Table S1 to evaluate the effect of the doped metal atoms on the lattice structure of the BiOX models. The results indicate that some changes of bond length and angel are attributed to the difference of valence electrons of Ag, Pd, and Bi, and the electronegativity of halogen atoms. However, the BiOX compounds still remain as layered structures, so the internal electronic field still plays a positive role in carries separation. The formation energy is a typical physics parameter that explains the formation of the crystal from isolated atoms. In this work, the formation energy is defined as:
according to Van de Walle [44] , where E for is the average formation energy of the systems, E D/BiOX and E BiOX are the total energies of the D-doped BiOX and pure BiOX, respectively, and µ D and µ Bi are the chemical potentials for Ag (or Pd) and Bi, respectively. The more negative value of E for indicates a more stable substance. The calculated formation energy values of all doped BiOX models are listed in Table 1 . As we can see, all the doped structures are stable, and the Ag-doped BiOX structures are more stable than the Pd doped models.
Electronic Structures
The band structures of the pure and D-doped BiOX models are computed and the results are listed in Table 1 . The Fermi energy level is set at the valence band maximum. First, we discuss the pure BiOX compounds. The band gap of the BiOF model is 3.193 eV, whose valence band maximum (VBM) and conduction band minimum (CBM) are at the k-point of Γ from the Figure S2 , indicating a direct semiconductor. The band gaps of BiOX (X = Cl, Br, I) are 2.483, 2.098, and 1.513 eV, respectively. These BiOX models are indirect semiconductors. All of the band gaps of BiOX are lower than the experimental value, which is caused by the well-known inherent shortcomings of the GGA functional. However, the variation trend of the band gap is consistent with the experimental results as E g (BiOF) > E g (BiOCl) > E g (BiOBr) > E g (BiOI) [17] [18] [19] [20] , which decreases with the increase of the halogen atomic numbers. Moreover, the indirect semiconductor can prevent electron-hole pair recombination. A small band gap could facilitate the excitation of electrons from the top of the valence band to the bottom of conduction band, requiring less light energy.
Secondly, as for the doped BiOX compounds, the band structure of the D-doped BiOI is plotted in Figure 2a as an example (other BiOXs' are plotted in Figure S2 ). The semiconductor still keeps its indirect feature. The band gaps of the D-doped BiOI compounds are consistent with the pure model. However, an impurity level arises in gaps and influences the photoelectric property. For the Ag-doped BiOI compounds, the impurity level is located in 0.006 eV, indicating that these kinds of compounds are p-type semiconductors. Similarly, the impurity level of the Pd-doped BiOI is at distance 1.437 eV from VBM and indicates a deep-level semiconductor. BiOI compounds, the impurity level is located in 0.006 eV, indicating that these kinds of compounds are p-type semiconductors. Similarly, the impurity level of the Pd-doped BiOI is at distance 1.437 eV from VBM and indicates a deep-level semiconductor. To further understand the behaviors in the D-doped BiOI models, the atomic populations and net charges were calculated via the Mulliken population analysis [45] , and the results are shown in Table  2 , and charge density pictures of the pure and D-doped BiOI structures are displayed in Figure 2b . From the Figure 2b , the charge density of D atoms in the doped BiOI compounds is larger than the Bi in the pure compounds because the net charge of the Bi atom in BiOI is 1.22 e while the net charge of the D (Ag and Pd) atoms are 0.1 and 0.13 e according to Table 2 , respectively. Also, the density of Ag is higher than Pd, which indicates that the Pd covalent property is stronger than Ag. Furthermore, the population becomes bigger and the bond length di become smaller, which implies that the O-D bonds are stronger than the pure ones and present a certain covalent property. Table S2 and Figures S2, S3 . The impurity energy level could provide holes to the valence band and electrons to the conduction band. Therefore, the doped BiOX compounds will provide more photoexcited carriers and require less absorption energy than the undoped BiOX. Meanwhile, for the Pd-doped BiOX (X = F, Cl, Br), the band gap of the Pd-doped BiOX models are slightly smaller than the Ag-doped BiOX (X = F, Cl, Br), but a deeper level comes up, which may influence the photocatalytic performance. As for the charge density, similar results To further understand the behaviors in the D-doped BiOI models, the atomic populations and net charges were calculated via the Mulliken population analysis [45] , and the results are shown in Table 2 , and charge density pictures of the pure and D-doped BiOI structures are displayed in Figure 2b . From the Figure 2b , the charge density of D atoms in the doped BiOI compounds is larger than the Bi in the pure compounds because the net charge of the Bi atom in BiOI is 1.22 e while the net charge of the D (Ag and Pd) atoms are 0.1 and 0.13 e according to Table 2 , respectively. Also, the density of Ag is higher than Pd, which indicates that the Pd covalent property is stronger than Ag. Furthermore, the population becomes bigger and the bond length d i become smaller, which implies that the O-D bonds are stronger than the pure ones and present a certain covalent property. Also, similar results also exist in the remaining D-doped BiOX (X = F, Cl, Br) compounds. The concrete data and figures are arranged in Table S2 and Figures S2 and S3 . The impurity energy level could provide holes to the valence band and electrons to the conduction band. Therefore, the doped BiOX compounds will provide more photoexcited carriers and require less absorption energy than the undoped BiOX. Meanwhile, for the Pd-doped BiOX (X = F, Cl, Br), the band gap of the Pd-doped BiOX models are slightly smaller than the Ag-doped BiOX (X = F, Cl, Br), but a deeper level comes up, which may influence the photocatalytic performance. As for the charge density, similar results are displayed. In summary, the doped atoms in the BiOX models contribute to the changes of the electronic distribution and the electronic features.
Therefore, the total and partial density of states (DOS) of the pure and D-doped BiOX were calculated, whose analyses of the contribution of the state have been discussed in previous works [17] [18] [19] [20] . Now we will discuss the doped BiOX compounds. The DOS graphs are plotted in Figure 3 . are displayed. In summary, the doped atoms in the BiOX models contribute to the changes of the electronic distribution and the electronic features. Therefore, the total and partial density of states (DOS) of the pure and D-doped BiOX were calculated, whose analyses of the contribution of the state have been discussed in previous works [17] [18] [19] [20] . Now we will discuss the doped BiOX compounds. The DOS graphs are plotted in Figure 3 . For the Ag-doped BiOX models, it clearly indicates that the electronic structural features of the pure compounds remain intact except for the appearance of an impurity energy level, which originates from the Ag-4d state. This new state is located on the top of the valence band. The distances between the Ag impurity energy levels and VBMs are 1.391, 0.953, 0.717, and 0.006 eV for the Agdoped BiOF, BiOCl, BiOBr, and BiOI models, respectively. The distance between impurity energy level and VBM decreases with the increase of halogen atomic numbers. The band gap of pure BiOF is largest one over all the BiOX compounds which indicates the greatest photon absorption energy and the worst light-harvesting ability. However, the dopant of Ag into the BiOF compound induces a deep energy level at 1.391eV, implying that the impurity energy level probably acts as the recombination center of photogenerated charge carriers rather than the separation of electron-hole pairs [44] . The impurity energy level in the Ag-doped BiOCl and BiOBr compounds provides electrons to CBM and holes to VBM and is able to act as a springboard for electron transitions from the valence band to the conduction band by absorbing less photon energy. Moreover, the impurity energy level of the Ag-doped BiOBr and BiOCl compounds possesses appropriate depth compared to the excessive deep energy level of the Ag-doped BiOF. It is clearly speculated that the ability of photocatalytic activity may follow BiOBr > BiOCl > BiOI, which is in agreement with the previous experimental results [33] . Then, for the Pd-doped BiOX, similar properties are concluded by the DOS curving; the impurity energy level is from the Pd-4d state. All in all, the changes of the electronic structures would influence the optical absorption utilization factor to some degree, then affecting photocatalytic performance.
Optical Properties
The imaginary part of the dielectric function is calculated in order to obtain absorption coefficients of pure and doped BiOX as a function of the energy of incident light and plotted in Figure 4 . The scissors operator, a grid upshift of CB to the experimental values, 1.2, 0.93, 0.62, and 0.36 eV for BiOF, BiOCl, BiOBr, and BiOI models respectively, was used to widen the band gap and obtain the For the Ag-doped BiOX models, it clearly indicates that the electronic structural features of the pure compounds remain intact except for the appearance of an impurity energy level, which originates from the Ag-4d state. This new state is located on the top of the valence band. The distances between the Ag impurity energy levels and VBMs are 1.391, 0.953, 0.717, and 0.006 eV for the Ag-doped BiOF, BiOCl, BiOBr, and BiOI models, respectively. The distance between impurity energy level and VBM decreases with the increase of halogen atomic numbers. The band gap of pure BiOF is largest one over all the BiOX compounds which indicates the greatest photon absorption energy and the worst light-harvesting ability. However, the dopant of Ag into the BiOF compound induces a deep energy level at 1.391 eV, implying that the impurity energy level probably acts as the recombination center of photogenerated charge carriers rather than the separation of electron-hole pairs [44] . The impurity energy level in the Ag-doped BiOCl and BiOBr compounds provides electrons to CBM and holes to VBM and is able to act as a springboard for electron transitions from the valence band to the conduction band by absorbing less photon energy. Moreover, the impurity energy level of the Ag-doped BiOBr and BiOCl compounds possesses appropriate depth compared to the excessive deep energy level of the Ag-doped BiOF. It is clearly speculated that the ability of photocatalytic activity may follow BiOBr > BiOCl > BiOI, which is in agreement with the previous experimental results [33] . Then, for the Pd-doped BiOX, similar properties are concluded by the DOS curving; the impurity energy level is from the Pd-4d state. All in all, the changes of the electronic structures would influence the optical absorption utilization factor to some degree, then affecting photocatalytic performance.
The imaginary part ε 2 of the dielectric function is calculated in order to obtain absorption coefficients of pure and doped BiOX as a function of the energy of incident light and plotted in Figure 4 . The scissors operator, a grid upshift of CB to the experimental values, 1.2, 0.93, 0.62, and 0.36 eV for BiOF, BiOCl, BiOBr, and BiOI models respectively, was used to widen the band gap and obtain the corrected optical properties due to the underestimated band gap in this work. From Figure 4b ,c, a strong peak between 0 and 10 eV is observed in the spectrum of pure BiOX (X = Cl, Br, I). It is assigned to the electronic transitions from VBM to the isolated low energy block in the conduction band. The peaks are centered at 6.028 eV for BiOCl, 5.381 eV for BiOBr, and 4.724 eV for BiOI respectively. For the BiOF compound from the Figure 4a , two peaks at 6.238 and 8.199 eV are observed. Those peaks are generated mainly by the transitions from O-2p and X-np states to Bi-6p and partially Bi-6s states. The peaks greater than 10 eV originated from the jumping of the O-2p and X-np states to the conduction bands of the upper levels. More importantly, the imaginary part of the dielectric function over Ag (Pd)-doped BiOX models shows a certain amount of red shift. According to Equations (1)- (3), absorption peaks show red shift at the range from 0 to~4.370 eV contributing to the photocatalytic performance, which is due to the transition from Ag-4d states to conduction bands. The peak at 0.592 eV suggests that there is strong absorption near the infrared region. As for Pd-doped BiOX, certain enhancement of absorption peaks was observed in the visible region at the energy value lower than 4 eV. However, great changes occur on the Pd-doped BiOF compound, which is from the transition of Pd-4d states and the impurity energy level. The peaks greater than 10 eV originated from the jumping of the O-2p and X-np states to the conduction bands of the upper levels. More importantly, the imaginary part of the dielectric function over Ag (Pd)-doped BiOX models shows a certain amount of red shift. According to Equations 1, 2, and 3, absorption peaks show red shift at the range from 0 to ~4.370 eV contributing to the photocatalytic performance, which is due to the transition from Ag-4d states to conduction bands. The peak at 0.592 eV suggests that there is strong absorption near the infrared region. As for Pddoped BiOX, certain enhancement of absorption peaks was observed in the visible region at the energy value lower than 4eV. However, great changes occur on the Pd-doped BiOF compound, which is from the transition of Pd-4d states and the impurity energy level. Table 1 . The absorption edges of pure BiOX models are 355, 451, and 650 nm for BiOCl, BiOBr, and BiOI models in accordance with experimental results at ~376, ~442, and ~628 nm, respectively [38] . The absorption edges of BiOX grow linearly with the atomic numbers of halogen. We also get the same result based on the early analysis of the imaginary part of the dielectric function. Remarkably, when the Ag impurity is doped, the absorption coefficients of Ag-doped BiOX models from 400-800 nm are larger than the pure BiOX. With regard to the Pd-doped BiOX model, the Pd-doped BiOCl and Pd-doped BiOBr show similar enhancement of absorption, but almost nothing has been changed for the Pd-doped BiOI compared to Ag-doped BiOX (X = Cl and Br). However, it is more interesting to see that the Pd-doped BiOF model shows a large difference from the other three compounds and that a high absorption coefficient located at the visible region even the infrared light is observed. It can predict that the experimentally-prepared Pd-BiOF sample will Table 1 . The absorption edges of pure BiOX models are 355, 451, and 650 nm for BiOCl, BiOBr, and BiOI models in accordance with experimental results at~376, 442, and~628 nm, respectively [38] . The absorption edges of BiOX grow linearly with the atomic numbers of halogen. We also get the same result based on the early analysis of the imaginary part of the dielectric function. Remarkably, when the Ag impurity is doped, the absorption coefficients of Ag-doped BiOX models from 400-800 nm are larger than the pure BiOX. With regard to the Pd-doped BiOX model, the Pd-doped BiOCl and Pd-doped BiOBr show similar enhancement of absorption, but almost nothing has been changed for the Pd-doped BiOI compared to Ag-doped BiOX (X = Cl and Br). However, it is more interesting to see that the Pd-doped BiOF model shows a large difference from the other three compounds and that a high absorption coefficient located at the visible region even the infrared light is observed. It can predict that the experimentally-prepared Pd-BiOF sample will present excellent photocatalytic properties based on our computation results, indicating the important progress in full spectrum catalysis.
Conclusions
In order to understand the photocatalytic mechanism of the D-doped BiOX compounds, especially the enhanced photocatalytic observed in the Ag-doped BiOX compound, the structural, electronic, and optical properties of Ag/Pd doped BiOX (X = F, Cl, Br, I) have been calculated based on the DFT used GGA-PBEsol. The Ag/Pd-doped structures keep the previous layered structures, which also assist in the separation of photoexcited carriers. As a result, the absorption coefficients become larger after doping, and the photocatalytic performances are enhanced further due to the changed electronic structures of the Ag/Pd doped BiOX compounds. The enhanced photocatalytic activity of the Ag-doped BiOI compounds is in line with the experimental results based on our DFT calculation of optoelectronic properties. Moreover, the photocatalytic efficiencies of the Ag-doped BiOCl and BiOBr compounds are higher than the one with the Pd-doped compound, which is also indicated by the better absorption under visible light in our calculation. Intriguingly, Pd-doped BiOF samples display unusual absorption peaks over the full spectrum wavelength according to the absorption spectrum, which may offer a significant strategy for one possible system with full-spectrum catalysis. Figure S3 : The charge density of pure and doped BiOX (101) (X = F, Cl, Br). Figure S4 : The total and partial density of state of pure and D-doped BiOX (X = F, Cl, Br, I). Table S1 : The variation of structural parameters plus the location of impurity level before and after doping. Table S2 : The net charge and bond population for pure and D-doped BiOX.
